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Summary
Objective: Here we investigate whether monolayer culture or culture at 21% oxygen inﬂuences activity of cytochrome c oxidase, the terminal
enzyme in the respiratory chain whose activity is essential for oxidative metabolism and whether return to three dimensional (3-D) culture
restores cytochrome c oxidase activity to original levels.
Methods: Primary bovine articular chondrocytes were cultured in alginate beads (3-D) for 4 weeks or in monolayer under 1% and 21% oxygen
for up to 9 days and then returned to 3-D culture for up to 4 weeks. Cells were stained to localise cytochrome c oxidase within the cells.
Mitochondrial protein content and cytochrome c oxidase enzymatic activity were determined. Expression of cytochrome c oxidase subunits,
COXI and COXIV, was assessed by qRT-PCR.
Results: Cytochrome c oxidase staining remained minimal in chondrocytes cultured in alginate for 4 weeks under 21% oxygen. Mitochondrial
protein content and cytochrome c oxidase activity increased signiﬁcantly during 9 days of chondrocyte expansion in monolayer, accompanied
by up-regulation of the COXImitochondrial gene but not the COXIV nuclear-encoded gene. Cytochrome c oxidase staining increased from day
5 of monolayer culture and remained high even after the cells were returned to 3-D culture for 4 weeks.
Conclusions: Culture of chondrocytes in monolayer leads to a rapid increase in mitochondrial protein content and cytochrome c oxidase ac-
tivity. The increase in cytochrome c oxidase activity is not reversed even after chondrocytes are returned to 3-D culture for 4 weeks; high
oxygen tension alone does not appear to stimulate cytochrome c oxidase activity.
ª 2009 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Autologous chondrocyte transplantation (ACT) has become
widely used for treatment of cartilage defects arising from
knee injuries1 and generally requires expansion of cell num-
bers before treatment. Chondrocytes undergo numerous
changes during expansion in monolayer and after returning
to a three dimensional (3-D) environment. Primary chondro-
cytes lose their rounded morphology in monolayer and de-
differentiate into ﬁbroblast-like cells switching their matrix
protein synthesis from collagen type II and aggrecan to col-
lagen type I and versican2e5. On return to a 3-D environ-
ment, the rounded shape and protein synthesis typical of
chondrocytes is restored6e8 though not necessarily com-
pletely9. It remains an open question as to whether chon-
drocytes can re-differentiate completely to their original
phenotype.
During expansion in monolayer, the environmental condi-
tions of the cells differ from those encountered in vivo in the
tissue in many respects and in particular in regard to oxy-
gen tension. Chondrocytes are almost invariably expanded
under atmospheric conditions (21% O2) whereas in the*Address correspondence and reprint requests to: O. A.
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1084joint, oxygen tension is low (w5% O2)
10 because cartilage
is avascular. Chondrocytes in the matrix obtain their energy
almost entirely by glycolysis11e13, a pathway which does
not utilise oxygen, and they can survive many days under
anoxia14. Nevertheless, chondrocytes consume oxygen al-
beit at low rates compared to other cell types10,12,15,16
and require oxygen to maintain matrix synthesis and other
cellular functions11,14,17,18. The pathway of oxidative phos-
phorylation appears to have been almost completely aban-
doned by chondrocytes in situ. Articular chondrocytes
contain only a low number of mitochondria19,20. The activity
of the enzymes making up the respiratory chain involved in
oxidative phosphorylation (complexes I, II, III and IV), which
are located on inner mitochondrial membrane, has been
found to be low or absent21; only cytochrome b, a subunit
of complex III, has been detected by spectroscopy in freshly
isolated chondrocytes22. The role of oxygen in cartilage me-
tabolism is not yet understood.
When chondrocytes are cultured in monolayer at 21%
oxygen, metabolic pathways appear to alter. Mitochondrial
activity and the ratio of mitochondrial DNA to total DNA
measured by rhodamine 123 uptake increase within 4
days of monolayer culture with spectroscopic analysis dem-
onstrating the presence of cytochromes in quantities typical
for those in a functional respiratory chain22,23. All com-
plexes of the respiratory chain appear active in chondro-
cytes at conﬂuence24. Hence the reported c.10-fold
1085Osteoarthritis and Cartilage Vol. 17, No. 8increase in oxygen consumption by chondrocytes cultured
in monolayer25,26 suggests a move to oxidative metabolism.
Here we investigated two questions; ﬁrst, whether mono-
layer culture or an increase in oxygen tension in vitro27 af-
fects activity of cytochrome c oxidase, the ﬁnal enzyme of
the electron transport chain; second, whether cytochrome
c oxidase activity of chondrocytes cultured in monolayer
decreases when they are returned to 3-D culture.Materials and methodsMATERIALSPicoGreen (Molecular Probes Inc), MitoTracker Red CM-H2XRos (Molecu-
lar Probes Inc) and agarose were from Invitrogen (Paislay, UK). The OneStep
RT-PCR kit and RNeasy Mini kit were from Qiagen (Crawley, UK). DNase I,
DNase I buffer and DNase inactivation reagent were from Ambion (Hunting-
ton, UK). TaqMan Universal PCR mastermix, 18S TaqMan gene expression
assay and TaqMan gene expression assays-on-demand were from Applied
Biosystems (Warrington, UK). Dulbecco’s modiﬁed Eagles medium (DMEM)
and foetal bovine serum (FBS) were from Gibco (Paisley, UK); trypsin-ethyle-
nediaminetetraacetic acid (TrypsineEDTA) solution, antibiotic/antimycotic
mixture (A5955: 10,000 units ml1 penicillin G, 10 mgml1 streptomycin,
25 mgml1 amphotericin), collagenase type I and other chemicals were from
SigmaeAldrich (Poole, Dorset, UK); alginate was from Fluka (c/o Sigmae
Aldrich Chemie GmbH, Buchs, Switzerland).METHODSCell culture
Chondrocytes were isolated by collagenase digestion28 from the articular
cartilage of metacarpalephalangeal joints of 18e24 month cattle. Each ex-
periment was performed using cells isolated from a single animal. For
each experiment, chondrocytes were cultured continuously in 3-D alginate
beads29 at 4 106 cells ml1 for up to 6 weeks or were seeded in monolayer
on cover slips at 104 cells cm2 and harvested after 3e9 days in culture with
0.25% trypsineEDTA. They were then either assayed or encapsulated in al-
ginate beads to provide 3-D support and cultured for a further 1e4 weeks.
Chondrocytes were released from alginate bead by citrate buffer28. Fibro-
blasts were isolated from skin dermis of the same animals28 and cultured
in monolayer as a positive control for cytochrome c oxidase staining.
DMEM with 10% FBS, antibiotic/antimycotic mixture (1 ml 1001 ml
DMEM) and osmolarity adjusted to 380 mOsm with NaCl28 were used in
all experiments. DMEM was changed every 2e3 days to maintain pH levels
above pH 7.1 and glucose concentrations above 2 mM. Cells were counted
using a haemocytomer and trypan blue at each sampling point. For chondro-
cytes in monolayer, the total number of population doublings during the ex-
ponential growth phase over a 24 h time period was deﬁned as population
doubling level (PDL) and calculated according to the formula:
PDL¼ log(N2/N1)/log 2, where N1 is the initial number of cells and N2 is
the ﬁnal number of cells released after culture30.
Cell culture under 1% oxygen. Cell cultures were cultured in sealed modular
incubator chambers maintained at 37C (Billups-Rothenberg Inc, Del Mar,
USA) ﬂashed by a gas mixture (1% oxygen, 5% carbon dioxide, 94% nitro-
gen) for 20 min at the beginning of the incubation and at each medium
change. Control cell cultures were kept at 37C under an air/5% CO2 mix.
Quantitative measurement of enzyme activity
For each experiment, cells cultured in monolayer were harvested for
quantitative enzyme assays at only one time point (at either day 0, 3, 6 or
9; one animal¼ one observation).
Isolation of mitochondria. Harvested chondrocytes were centrifuged in
phosphate buffered saline (PBS) at 750 g for 5 min. The resulting cell pellet
was re-suspended in ice-cold buffer containing 0.25 M sucrose, 20 mM 3-
(N-morpholino)propanesulfonic acid (MOPS), 3 mMEDTA, pH 7.2 and homo-
genised by 10 passes in a glass/glass homogeniser (0.152e0.254 mm pestle
clearance) kept on ice. Mitochondria were isolated31 and the resulting mito-
chondrial pellet was re-suspended in 60e150 ml buffer (20 mM MOPS,
3 mM EDTA, 0.25 M sucrose, pH 7.2) for measurement of cytochrome c oxi-
dase and citrate synthase (CS) enzymatic activities. The protein content of the
mitochondrial suspension was measured using a Bio-Rad DC protein assay
(Bio-Rad, Hemel Hempsted, UK). Mitochondrial protein was solubilised by
0.1% triton X-100 and calibrated against bovine serum albumin containing
0.1% triton X-100. Absorbance at 620 nm was measured on plate reader
(Anthos ht 2, Anthos Labtec Insruments, Austria). The degree of mitochondrial
integrity was calculated as a percentage of mitochondria with undamagedmembranes: %¼ (UtotalUdamaged) 100Utotal1 , where Utotal was cyto-
chrome c oxidase activity of mitochondria whose membranes were disinte-
grated by n-dodecyl b-D-maltoside and Udamaged was cytochrome c oxidase
activity of mitochondria with intact membranes.
Measurement of cytochrome c oxidase-specific activity. Cytochrome c oxi-
dase (EC 1.9.3.1) activity was assayed from the decrease in absorbance
at 550 nm caused by oxidation of ferrocytochrome c (reduced form) to ferri-
cytochrome c (oxidised form) by cytochrome c oxidase32. The reaction mix
contained an aliquot of mitochondrial suspension, 0.1 M 2-(N-morpholino)-
ethanesulfonic acid (MES), 0.3 mM n-dodecyl b-D-maltoside, 1 mM EDTA,
pH 6.0, and cytochrome c reduced by ascorbic acid. Reduction of cyto-
chrome c (C2506, SigmaeAldrich, Pool, UK) was performed by adding as-
corbic acid to the cytochrome c solution (26 mgml1) until the colour of
the solution became salmon-pink. The excess ascorbic acid was removed
by running the reduced cytochrome c solution through a PC-10 desalting col-
umn (Amersham, Little Chalfont, UK). The ratio A550/A565 of a 10-fold diluted
aliquot was >10 which characterises sufﬁcient reduction. The column efﬂu-
ent containing reduced cytochrome c was added to the reaction mix to
give an OD 550 nm w0.3 (10e20 ml efﬂuent ml1 of ﬁnal volume of reaction
mix). The reaction was initiated by adding the mitochondrial suspension to
the reaction mix and changes in absorbance were recorded for 2 min33.
The difference in extinction coefﬁcients between reduced and oxidised cyto-
chrome c was taken as 21.86 mM1 cm1 at 550 nm34. The speciﬁc cyto-
chrome c oxidase activity was expressed in units per mg of mitochondrial
protein or per million cells (1 unit of cytochrome c oxidase oxidises 1 mmol
of ferrocytochrome c per min).
Measurement of CS specific activity. CS (EC 4.1.3.7) activity, used as com-
mon quantitative marker enzyme for the content of mitochondria in the cells,
was assayed by its ability to catalyze the regeneration of acetyl coenzyme
A (acetyl CoA) in the presence of oxaloacetate to CoA35. CoA in turn reacted
with 5,50-dithiobis(2-nitrobenzoic acid) (DTNB) to form the coloured product
thionitrobenzoic acid (TNB) (recorded at 412 nm at room temperature); 1 ml
of reaction mix contained 10e20 ml aliquot of mitochondrial suspension
(c.1 mgml1mitochondrial protein), 0.07 mgml1 oxaloacetate, 0.25 mgml1
acetyl coenzyme A lithium salt, 0.04 mgml1 DTNB, and 0.1% triton X-100 in
100 mM Tris buffer of pH 8.0. The extinction coefﬁcient35 of TNB was taken as
13.6 mM1 cm1. CS speciﬁc activity was expressed in units per mg of mito-
chondrial protein or per million cells; 1 unit of CS formed 1 mmol citrate per min.
Histological assessment of enzyme activity
Cytochrome c oxidase staining. Cells cultured in monolayer were washed in
PBS and stained for cytochrome c oxidase activity on a daily basis from day
3 of culture (Fig. 1). Freshly isolated cells and cells released from alginate
beads were seeded onto cover slips (5 104 cell cm2) overnight at 37C
to attach before staining.
Attached cells were incubated in enzyme-staining mix (1 mgml1 diami-
nobenzidine (DAB), 1 mgml1 cytochrome c, 2 mgml1 catalase, 75 mgml1
sucrose in 0.05 M sodium phosphate buffer pH 7.4) for 3e3.5 h at 37C. In
the presence of cytochrome c oxidase, DAB was oxidised by cytochrome
c and formed brown deposits on the mitochondrial inner membrane36. Cell
nuclei were stained by Mayer’s hematoxylin solution. Slides were air dried
for 20 min before mounting in 1:1 v/v glycerol/phosphate buffer.
Gene expression analysis
Total RNA isolation. Harvested chondrocytes were washed in PBS and total
RNA isolated according to the Qiagen RNeasy protocol (RNeasy Mini Hand-
book, pp. 25e30, http://www1.qiagen.com/literature/handbooks/literature.
aspx?id¼1000291). Isolated RNA was treated by DNase I (Ambion Europe
Ltd, Huntington, UK). RNA concentration and purity were determined using
a BioPhotometer (Eppendorf, UK Ltd). RNA integrity was evaluated by run-
ning total RNA aliquots on 1.2% denaturating agarose gels for detection of
18S and 28S ribosomal bands. Acceptance criteria of RNA samples for
gene expression analysis were >1.8A260/A280 ratio for purity and >1.5
28S/18S ratio for quality.
Collagen type I expression. Collagen type I gene expression was tested as
a marker for dedifferentiation and redifferentiation of chondrocytes after
monolayer culture and in 3-D alginate support6. Total RNA (0.5 mg) was re-
verse transcribed into cDNA using OneStep RT-PCR kit (cat # 210210, Qia-
gen, Crawly, UK). Primer sequences are given in the 50e30 orientation
(Table I). Primers for collagen type I alpha 1 chain (ColIa1) and 18S ribo-
somal subunit ([18SrRNA] used as an internal control) were designed using
the Primer3 software (http://frodo.wi.mit.edu/) and the Bos taurus mRNA
sequences from NCBI database (http://www.ncbi.nlm.nih.gov/entrez/vie
wer.fcgi?db¼Nucleotide&dopt¼GenBank&val¼BC105184) (Table I). PCR
products were run on a 1% agarose tris(hydroxymethyl)aminomethane/bo-
rate/EDTA (TBE) gel and semi-quantitative analysis of DNA content was
Fig. 1. Schematic showing the experimental design.
1086 O. A. Boubriak et al.: Cytochrome c oxidase levels in chondrocytescarried out using an Image Analyser. The amount of collagen type I cDNA
was normalised to the amount of 18S cDNA in the same sample and then
normalised to the collagen type I/18S ratio of freshly isolated chondrocytes.
COXI and COXIV expression. COXI and COXIV subunit expression levels
(target genes) were evaluated by quantitative RT-PCR (qRT-PCR). Total
RNA (0.1 mg) was reverse transcribed into ﬁrst strand cDNA using Applied
Biosystems’ Reverse Transcription Reagents (cat No N8080234 Applied Bio-
systems, Warrington, UK) according to the manufacturer’s instructions. Taq-
Man gene expression was used via: Assays-by-Design for cytochrome c
oxidase subunits COXI and COXIV (designed by Applied Biosystems) andTable
Nucleotide sequences of primers and probes used for quantitative Ta
sequences are given in the 50e30 orientation. Primers for ColIa1 and 1
(http://frodo.wi.mit.edu/) and Bos taurus m
Gene Primers Strand Product size (bp)
ColIa1 aggaaactttgctccccagt Forw 841
accaggttcaccgctgttac Rev
18S cattcgaacgtctgccctat Forw 1032
agacaaatcgctccaccaac Rev
COXI cccgccqtactactactactct Forw e cc
ttccggtctgttaatagcattgtga Rev
COXIV aaagttgaactgtaccccttaagt Forw e tc
cactcatttgtgctcctgttcatc Rev
18S Not given by company Forw e N
Not given by company Revassays-on-demand for 18SrRNA (Applied Biosystems cat #
Hs99999901_s1). All assays used FAMTM (a trademark of Applera Corpora-
tion) as a ﬂuorescent reporter dye and a non-ﬂuorescent quencher dye. Se-
quences of primers and probes for each assay of COXI and COXIV are
given in Table 1. The quantitative PCR (qPCR) reaction mix contained 10 ml
2 Taqman universal PCR master mix (cat No. 4304437, Applied Biosys-
tems, Warrington, UK), 1 ml 20 concentration Taqman Assays-by-Design,
1 ml nuclease free water and 8 ml experimental cDNA sample. An ABI 7000
Prism sequence detection system (Applied Biosystems, USA) was used to
perform qPCR in real time. The COXI and COXIV relative copy number was
quantiﬁed by measuring the cycle threshold (Ct) and relating Ct to a standard
curve. For the standard curve, a mixture of total RNA aliquots of the chondro-
cytes from all experimental conditions was used. The relative expression ratio
(R) was calculated according to Pfafﬂ37.
Statistics
R-squared (R2) was calculated as a statistical measure of ﬁt of a regression
line to data points. The increase in overall value of cytochrome c oxidase ac-
tivity during culture was evaluated byOne-Way Analysis of Variance (ANOVA)
and was considered signiﬁcant when the probability value, P, was <0.05. Dif-
ferences between all other variables were evaluated using two-sided unpaired
and paired t tests and were considered signiﬁcant when the probability value,
P, was *<0.05 and **<0.01. All results are shown as amean standard error.ResultsCELL CULTUREArticular chondrocytes seeded in monolayer began to
grow exponentially after 2e3 days of attachment. The expo-
nential phase lasted 4 days (from day 3 to day 7) and the
cells reached conﬂuence on days 8e9 (Fig. 2a). Cell densi-
ties at the end of exponential growth phase were
0.078 0.01 and 0.062 0.02 million cells cm2 for cells
cultured under 21% and 1% oxygen, respectively. The
PDL of chondrocytes under atmospheric conditions was
0.69 0.07 doublings within 24 h (n¼ 26).MITOCHONDRIAL PROTEINMitochondrial protein content increased after attachment
in monolayer by 4.4-fold after 3 days and by 8.0-fold at con-
ﬂuence relative to freshly isolated cells (Fig. 2b). The integ-
rity of isolated mitochondria was evaluated as 85.3 2.1%
(n¼ 30).CYTOCHROME c OXIDASE AND CS SPECIFIC ACTIVITIESCSspeciﬁcactivitywasproportional tomitochondrial protein
(Fig. 2c) and increased with time in culture in relation to cell
number (although not at level of signiﬁcance (Fig. 2d) but notI
qMan qRT-PCR and primers used for OneStep RT-PCR. Primer
8S ribosomal subunit were designed using Primer3 programme
RNA sequence from NCBI database
TaqMan probe Method Reference
e OneStep RT-PCR Personal design
e OneStep RT-PCR Personal design
ggctgctaatacag qRT-PCR Applied Biosystems
ggcgaagctctcct qRT-PCR Applied Biosystems
ot given by company qRT-PCR Applied Biosystems
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Fig. 2. Changes in chondrocyte cell number, mitochondrial protein, and CS and COX speciﬁc activities with time in monolayer culture. (a)
Growth curve: chondrocytes were cultured in monolayer under 1% and 21% oxygen (n¼ 4e6 and n¼ 8e12, respectively, for each single
point). Chondrocytes were harvested at different times during monolayer culture by incubation with 0.25% trypsineEDTA solution, stained
using trypan blue and counted under a microscope. The average number of harvested chondrocytes cultured under 21% oxygen within
the exponential phase was signiﬁcantly higher than for those cultured under 1% oxygen (two-sided paired t test, P< 0.05). (b) Changes in
chondrocyte mitochondrial protein content with time in monolayer culture. Mitochondrial protein content increased signiﬁcantly after 3 days
of monolayer culture and remained high over all remaining days of culture. The number of the independent observations for single point
was n¼ 4e7 (ntotal¼ 17). (c) Dependence of the CS speciﬁc activity on mitochondrial protein content. CS activity increased with increase
in mitochondrial protein content. Data were ﬁtted to a linear regression line y¼ 89.462x 0.1023, R2¼ 0.67. (d) Changes of CS speciﬁc ac-
tivity of primary chondrocytes with time in monolayer culture relative to cell number. CS activity based on cell number increased markedly over
the 9 days of monolayer culture. The number of the independent observations for single point was n¼ 3e6 (ntotal¼ 16). Change in speciﬁc
activity of cytochrome c oxidase in primary chondrocytes with time in monolayer culture relative to mitochondrial protein (e) and to cell number
(f). Cytochrome c oxidase activity based on both mitochondrial protein and cell number increased over the 9 days of monolayer culture. The
observed increase of cytochrome c oxidase activity on a cell basis (f) was at a statistically signiﬁcant level (P¼ 0.003, One-Way ANOVA). The
number of the independent observations for a single point was n¼ 3e6 (ntotal¼ 19).
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Fig. 3. Effect of oxygen tension on cytochrome c oxidase activity and cell shape. Fibroblasts (Fb, lanes 1, 2) and chondrocytes (Ch, lanes 3, 4)
were cultured in monolayer under 21% or 1% O2, and examined at days 3e9 for cytochrome c oxidase activity (brown cytoplasmic staining)
and cell morphology.
1088 O. A. Boubriak et al.: Cytochrome c oxidase levels in chondrocytesin relation to mitochondrial protein (data not shown)).
Cytochrome c oxidase-speciﬁc activity of chondrocytes in
monolayer culture decreased relative to mitochondrial protein
over the period of cell attachment but increased signiﬁcantly at
conﬂuence (day9) (Fig. 2e). Cytochrome coxidaseactivity rel-
ative to cell number demonstrated an increase over the period
of cell attachment, remained constant from day 3 to day 7 and
then increasedmarkedly byday9 (Fig. 2f).Overall cytochrome
c oxidase activity increase was found to be statistically signif-
icant (One-Way ANOVA, P¼ 0.003).CYTOCHROME c OXIDASE STAINING OF CHONDROCYTES
AND FIBROBLASTSMonolayer culture under 21% and 1% oxygen
Figure 3 shows micrographs of chondrocytes expanded
in monolayer under 21% and 1% oxygen for up to 9 days
and stained for cytochrome c oxidase activity. Skin ﬁbro-
blasts were used as a control. An increase in the intensity
of cytochrome c oxidase staining with time in culture and
also in the number of the chondrocytes positive for
1089Osteoarthritis and Cartilage Vol. 17, No. 8cytochrome c oxidase staining was evident (Fig. 3). Freshly
isolated chondrocytes and cultures within the attachment
period (0e3 days) showed virtually no cytochrome c oxi-
dase staining but noticeable staining was evident in chon-
drocytes from day 5 of culture. Fibroblasts stained
markedly for cytochrome c oxidase from initiation of culture.
Both cell types demonstrated less intense cytochrome c ox-
idase staining for cells expanded under 1% O2 than under
21% oxygen. Chondrocytes under 1% oxygen assumed a ﬁ-
broblast-like elongated shape from day 5 in monolayer;
chondrocytes under 21% oxygen were still somewhat
rounded until conﬂuence (day 8/9).
Chondrocytes cultured in alginate beads for 1e4
weeks under 21% oxygen
Freshly isolated chondrocytes embedded in alginate
beads and cultured under 21% oxygen for 1e4 weeks
showed virtually no cytochrome c oxidase staining apart
from a minor subset of cells demonstrating cytochrome c
oxidase staining and/or ‘‘star-like’’ morphology and isolated
clumps of cells demonstrating enhanced staining (Fig. 4;
ﬁrst column upper and lower panels, 0 days). No noticeableFig. 4. Cytochrome c oxidase expression and morphology of chondrocyt
(Ch) were cultured in monolayer (ML) at 21% oxygen for up to 9 days
days 0, 3, 4, 5, 6 and 9 (lanes 1e7, respectively). At each time point ce
21% oxygen for up to 4 weeks. Cytochrome c oxidase activity and cell sha
was carried out on cells harvested at days 3 and 4 as cytochrome c oxidchange in morphology and staining was observed with time
in culture and by week 4, the majority of chondrocytes still
exhibited a rounded morphology and the absence of cyto-
chrome c oxidase staining.Chondrocytes cultured in monolayer for
0e9 days and then returned to alginate
culture for up to 4 weeks
Figure 4 shows cell morphology and cytochrome c oxi-
dase staining of chondrocytes cultured in monolayer for
0e9 days (upper panel) and then returned to 3-D culture
(lower panel). Results varied with time in monolayer cul-
ture. If chondrocytes were returned to 3-D culture within
4 days of initiating monolayer culture, the loss of staining
and rounded chondrocyte morphology after plating as
seen in freshly isolated cells was restored within 2 weeks
of culture in alginate beads. Chondrocytes cultured in
monolayer for longer than 4 days did not return to the orig-
inal morphology after plating even after culturing for 4
weeks in beads and were still positive for cytochrome c
oxidase staining.es cultured in monolayer and in 3-D alginate beads. Chondrocytes
and cytochrome c oxidase activity and cell morphology noted at
lls were harvested, encapsulated in alginate beads and cultured at
pe were measured at weeks 1e4. After week 2, no further analysis
ase staining and cell morphology had returned to that of controls.
1090 O. A. Boubriak et al.: Cytochrome c oxidase levels in chondrocytesCOLLAGEN EXPRESSIONCollagen type I gene expression increased signiﬁcantly
with increasing time in monolayer and than fell after cells
were cultured in beads for 2 weeks, independent of time
in monolayer culture (Fig. 5a,b). Collagen type I expression
in cells imbedded in alginate beads remained low over the
20-day period of culture. The level of collagen II expression
remained steadily high over the 9-day period of chondrocyte
monolayer culture as observed by others38,39 (data not
shown).COXI AND COXIV EXPRESSIONCOXI expression in chondrocytes, initially low, increased
markedly during the expansion period of monolayer culture0
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Fig. 5. Change in collagen I expression during chondrocyte mono-
layer culture and return to 3-D culture. Panel (a) shows RT-PCR re-
sult for Colla1 expression in chondrocytes cultured in monolayer
(ﬁrst panel) and chondrocytes maintained in alginate beads (sec-
ond panel). Colla1 expression in monolayer culture increased
over 6 days of culture and returned to its original level after cells
in monolayer were harvested and cultured for a further 2 weeks
in alginate beads. ColIa1 level in chondrocytes cultured in beads
remained low over 20 days of culture: 17 days and 20 days culture
corresponds, respectively, to 3 days and 6 days in monolayer fol-
lowed by 2 weeks in beads. Colla1 expression level (b) increased
signiﬁcantly after 3 and 6 days in monolayer culture (two-sided
paired t test). After 2 weeks of culturing in beads, expression had
returned to level observed in chondrocytes maintained in beads
throughout.(Fig. 6). After insertion into alginate beads and culturing for
a further 2 weeks, COXI expression decreased but still re-
mained noticeably higher than that measured initially. The
level of COXIV expression remained more or less constant
over the chondrocyte expansion period but increased no-
ticeably at conﬂuence (day 9), and, after restoration to
a 3-D environment, fell to the level seen after isolation, inde-
pendent of time in monolayer culture. The level of COXI
expression was signiﬁcantly higher than COXIV for all con-
ditions tested (two-sided paired t test, P< 0.05).Discussion
Here we found that culture in monolayer rather than
purely exposure to high (21%) oxygen tension triggered mi-
tochondrial biogenesis and cytochrome c oxidase expres-
sion in primary bovine chondrocytes. In freshly isolated
chondrocytes, expression of cytochrome c oxidase, the ter-
minal enzyme in the respiratory chain, was low (Fig. 4); we
found no noticeable increase in cytochrome c oxidase activ-
ity when chondrocytes were cultured under 21% oxygen in
3-D culture in alginate for up to 4 weeks (Fig. 4). However
culture of chondrocytes in monolayer rather than 3-D trig-
gered synthesis and activity of cytochrome c oxidase within
4e5 days (Fig. 3) in agreement with other studies22,23. The
increase in cytochrome c oxidase activity for cells expanded
in monolayer was evident at both 21% oxygen and 1% ox-
ygen, though the activity of cytochrome c oxidase was more
marked at 21% oxygen (Fig. 3). Culture in monolayer also
triggered an increase in mitochondrial mass per cellFig. 6. Expression of the COXI and COXIV subunits of cytochrome
c oxidase by chondrocytes in monolayer culture and after return to
3-D culture, all at 21% oxygen. Changes in expression with time of
culture are more pronounced for COXI encoded by the mitochon-
drial genome than the expression of COXIV encoded by the nuclear
genome. In addition, the time courses of change between these two
subunits of cytochrome c oxidase are not co-ordinated.
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oxidase activity/cell increased initially mainly because of mi-
tochondrial biogenesis, but by end of the proliferation stage
(>7 days in culture) cytochrome c oxidase activity on a mito-
chondrial protein basis had also increased signiﬁcantly
(Fig. 2e). Since most published studies on chondrocytes in-
volving mitochondrial reactions such as free-radical signal-
ling and apoptosis pathways are carried out in monolayer
culture, such studies may signiﬁcantly overestimate the
role which mitochondrial-associated processes play in
chondrocytes in situ. The physiological and pathological
role of such chondrocyte mitochondrial pathways should
be examined again in chondrocytes cultured in 3-D gels
or in situ in the matrix.
The behaviour of chondrocytes when returned to 3-D cul-
ture depended on culture time in monolayer. In all cases, ex-
pression of collagen type I, which had increased inmonolayer
culture as expected6 returned to levels found in freshly iso-
lated chondrocytes within 2 weeks of return to 3-D culture
(Fig. 5). However, cytochrome c oxidase staining only re-
turned to levels seen in freshly isolated chondrocytes for cells
cultured in monolayer for 4 days or less; for chondrocytes in
monolayer for 5e9 days, staining was still evident even after
return to 3-D culture for 4 weeks (Fig. 4). Chondrocyte mor-
phology showed a similar dependence on time of culture in
monolayer; after return to 3-D culture, only chondrocytes cul-
tured in monolayer for 4 days or less assumed their rounded
morphology rapidly, otherwise chondrocytes retained a ﬁbro-
blastic morphology even after 4 weeks of 3-D culture (Fig. 4).
Therefore it appears that some characteristics of chondro-
cyte dedifferentiation in monolayer such as cytochrome c ox-
idase expression and morphology occur rapidly, not after
several passages, and are not reversed in 3-D culture, at
least not under the culture conditions used here.
Even though cytochrome c oxidase activity for cells cul-
tured at 21% oxygen was greater than for those cultured
at 1% oxygen, oxygen alone was not responsible for mito-
chondrial biogenesis and the increase in cytochrome c ox-
idase activity (Figs. 3 and 4). The effects of oxygen may
be indirect; activity of chondrocytes and of ﬁbroblast-like
cells in regard to proliferation and synthesis of collagen
and other proteins varies with oxygen tension40 and protein
synthesis is markedly higher at 21% oxygen than at 1% ox-
ygen for ﬁbroblasts and for chondrocytes in 3-D culture and
in situ41e43. Differences in rates of production of cytoskele-
tal proteins and of respiratory chain enzymes may thus lead
to the differences between cells cultured at 21% and 1% ox-
ygen in cytochrome c oxidase expression and morphology
for both ﬁbroblasts and chondrocytes (Fig. 4). The effects
of oxygen are possibly modulated through its inﬂuence on
energy production; chondrocytes exhibit a negative Pasteur
effect and energy production rates and adenosine-50-tri-
phosphate (ATP) levels fall markedly as oxygen tension is
reduced from 5% to 1% oxygen11. How glycolysis, a reac-
tion which uses no oxygen, responds to oxygen tension is
unknown, but it possibly could be adversely affected by in-
tracellular acidiﬁcation arising from a loss of oxygen free
radical signalling under hypoxia44.
While mitochondrial mass and CS activity as marker of
mitochondrial mass both increased markedly during culture
(Fig. 2), an actual increase in cytochrome c oxidase activity/
mitochondrial protein was observed at the end of exponen-
tial growth phase only (Fig. 2). Cytochrome c oxidase gene
regulation and coordination during mitochondrial biogene-
sis, though actively studied over the last 10e15 years, are
not yet fully understood. Increase of cytochrome c oxidase
activity could result from increase in the expression of thegenes encoding cytochrome c oxidase (Fig. 6). It could
also result from initiation of assembly of this enzyme, trig-
gered by change of environmental parameters (such as ox-
ygen) or resulting from the dedifferentiation process (shown
here by increase in collagen type I expression (Fig. 5)). Cy-
tochrome c oxidase consists of 13 subunits, three of which
(COXI, COXII and COXIII ) are encoded by mitochondrial
DNA45e49. Assembly of this enzyme begins with a formation
of a subcomplex S2 consisting of COXI encoded by the mi-
tochondrial genome and COXIV encoded by the nuclear ge-
nome50. We found that expression of COXI was greater
than that of COXIV and increased at conﬂuence, unlike
COXIV (Fig. 6). The lack of coordination of gene expression
between subunits of mitochondrial and nuclear origin and
prevalence of mitochondrial transcripts above nuclear tran-
scripts are in agreement with the results of others22.
The increase in cytochrome c oxidase activity appears to
coincide with a marked increase in oxygen consumption
rate25,26 possibly indicating a switch from a purely glycolytic
pathway towards oxidative phosphorylation during cell ex-
pansion. Like cytochrome c oxidase activity, oxygen rates
remain elevated in 3-D culture and could adversely affect
growth of constructs of redifferentiated chondrocytes; at
such high rates of oxygen consumption, oxygen would be
rapidly depleted from the centre of larger constructs25.
Understanding the link between oxygen consumption and
cytochrome c oxidase activity and conditions which can re-
verse high cytochrome c oxidase activity in redifferentiated
chondrocytes is thus of interest in regard to further develop-
ment of chondrocytes cell therapies.Conﬂict of interest
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